The linear form of Epstein-Barr virus (EBV) DNA has homologous direct tandem repeats of approximately 500 bp at each terminus (TR). After infection, EBV DNA circularizes via the TR to form the intracellular episomal DNA. To analyze the mechanism of the synthesis of linear DNA through possible replicative intermediates, the terminal fragments were identified in the total intracellular DNA and the covalently closed circular DNA from a productively infected cell line after induction of replication or after treatment with an inhibitor of viral DNA synthesis. These studies indicate that some of the fused terminal fragments detected in the total intracellular DNA are replication-dependent forms which are selectively excluded from the covalently closed circular fraction and are eliminated after treatment with acyclovir. The EBV terminal restriction enzyme fragments were identified in three producer cell lines, each with a characteristic number of TR in the intracellular episomal DNA. Identification of the termini in cell lines established with the three virus strains revealed that the newly transformed cell lines had a greater number of TR than did the template DNA in the producer cell line. The increase in the number of TR in progeny episomes indicates that linear DNA is produced from concatameric replicative intermediates rather than from amplified catenated circular intermediates.
In the nonreplicative phase of infection, intracellular Epstein-Barr virus (EBV) DNA exists as an covalently closed circular (CCC) episome (18, 21) . After induction of replication, the episomal DNA seems to serve as template for generation of the linear, virion DNA, which is synthesized by a virus-specific DNA polymerase, in contrast to the episomal form (8, 10, 21) . Treatment of virus-producer cell lines with phosphonoacetic acid or acyclovir (ACV), specific inhibitors of EBV polymerase, greatly reduces the abundance of viral DNA; however, a small portion of the viral DNA in cell lines is resistant to inhibition by PAA and ACV and consists of CCC DNA (5, 6, 8, 29, 33) . The inhibitors of the viral DNA polymerase also do not decrease the abundance of EBV DNA in cell lines that do not produce virus and that contain only episomal DNA, indicating that EBV episomal DNA is maintained by the host cellular DNA polymerase (5, 18 ). An origin of replication that confers the ability to be maintained episomally in the presence of an EBV gene product, EBNA1, has been identified (35) .
Productive replication of the EBV genome may result from amplification of the episome, generating catenated, linked circles that are subsequently cleaved into the linear form. Alternatively, replication may occur through a rollingcircle or concatenated replicative intermediate (RI) . A lytic origin of replication (orilyt) has been identified in the EBV genome (12) . In permissively infected cell lines, plasmids containing these sequences are amplified in concatenated form after induction of EBV replication, suggesting that EBV may also be replicated via a concatenated RI. Pulsefield electrophoretic analyses of permissively infected cells revealed higher-molecular-weight forms that could reflect concatenated RI or topologically linked amplified circular * Corresponding author. DNA (J. Kolman and G. Miller, Abstr. Inc. Symp. EBV Assoc. Malig. Dis., p. 8, 1988) .
EBV DNA has homologous direct tandem repeats of approximately 500 bp at each terminus (TR) (1, 7, 9, 17) . In preparations of virion DNA, the terminal restriction endonuclease fragments are heterogeneous in size, varying by increments of 500 bp (9, 17) . After infection, the linear termini join to form covalently closed episomal DNA. Variability in the number of TR at each linear terminus of EBV virion DNA generates fused termini after circularization that also contain variable numbers of TR (4, 7, 17, 22, 23) . Analysis of the terminal restriction enzyme fragments of EBV revealed that in monoclonal cell lines and EBVinfected malignancies, the EBV DNA was clonal, with a homogeneous number of TR in the fused terminal restriction enzyme fragment representing the episomal DNA (3, 4, 23) . The clonality of EBV genomes indicated, by extension, cellular monoclonality (23) . In addition, the structure of the EBV termini provided evidence for viral replication, as indicated by the appearance of ladder arrays of terminal fragments representing linear forms of EBV DNA (14, 23) . Evidence of linear arrays have also been detected in vivo in many lymphoproliferations (14) .
In this study, to distinguish terminal fragments representing the template DNA, potential RI, and progeny linear DNA, the terminal fragments were identified in total intracellular DNA and in CCC DNA from virus-producer cell lines after induction of replication and after treatment with an inhibitor of viral replication. These analyses revealed that the CCC form contained a homogeneous number of TR and was detected as a single fused terminal restriction enzyme fragment. After induction of replication, fused terminal fragments were amplified in the total intracellular DNA but were not amplified in the CCC DNA fraction. These data indicate that some of the fused terminal fragments present in total intracellular DNA represent replication-dependent forms.
This analysis revealed that a given producer cell line has a constant number of TR (19, 36) . The EBV-positive NPC-KT cell line is an epithelial hybrid cell line established by fusion of a primary nasopharyngeal carcinoma tissue with an adenoidal epithelial cell line, AD/AH (30, 31) . A2L/AH is an epithelial hybrid cell line produced by fusion of AD/AH with a lymphoblastoid cell line established by infection with B95-8 virus (32) . Virus production was induced in the NPC-KT and A2L/AH cell lines by treatment with 60 ,ug of 5-iodo-2"-deoxyuridine (IUdR) per ml for 3 days, followed by 3 days of culture without IUdR.
Virus replication was inhibited in the producer cell lines by treatment with 100 ,uM ACV (5, 6). Intracellular DNA was extracted from total cellular lysates or CCC DNA prepared after alkaline extraction (11, 23) .
Lymphocytes were purified from neonatal umbilical cord blood or from adult peripheral blood after centrifugation through a Ficoll step gradient. The nonadherent mononuclear cells were infected with supernatant from the induced NPC-KT, AG876, or A2L/AH cell line and cultured for 3 to 4 weeks in vitro. Peripheral blood lymphocytes were cultured in the presence of 2 ng of cyclosporin A per ml (34 (Fig. 1) . As reported previously, multiple fused terminal fragments were identified with the probes from the left and right termini, which ranged in size from 8.9 to 10.4 kb (4, 23) . A ladder of fragments representing linear termini was also detected in the total intracellular DNA from uninduced or TPA-treated B95-8 cells. After treatment with ACV, an inhibitor of the EBVencoded DNA polymerase, most of these fragments were greatly reduced, with a predominant single 10.4-kb fused terminal fragment remaining. These results indicated that the multiple fused terminal fragments and the linear arrays of terminal fragments were synthesized by the viral DNA polymerase and were replication-dependent forms. The viral DNA, which was resistant to ACV treatment and has been previously shown to consist of CCC DNA, contained homogeneous viral DNA with a constant number of TR.
To confirm that the endogenous episomal DNA contained a constant number of TR, CCC DNA was selectively extracted. This DNA fraction also contained a single 10.4-kb fused terminal fragment whose abundance was largely unaffected by induction of replication with TPA or treatment with ACV ( Fig. 1) synthesized by the viral DNA polymerase and represent replication-dependent forms. Fused terminal fragments that were smaller than the template DNA were also detected in the HR-1 cell line after induction with butyrate (14) . These new forms with differing numbers of TR may represent RI formed from progeny DNA.
Analysis of template DNA and episomal DNA produced by infection with progeny virion DNA. These data indicated that the homogeneous episomal DNA is a template for the generation of replication-depqndent forms which are amplified by the viral DNA polymerase. These forms included virion DNA represented by ladder arrays of terminal restriction enzyme fragments and increased fragments representing fused termini. Since each EBV-infected cell line has a characteristic number of TR, analysis of the total number of TR in the progeny DNA molecules should elucidate the form of the RI. Random cleavage within any of the copies of TR in a concatameric linear template containing four copies of TR would produce progeny molecules whose total number of TR could vary between two and six (Fig. 2) . If the template DNA contained 8 copies of TR, the variation in the number of TR in the progeny molecules would increase and could vary from 2 to 14.
Analysis of the EBV terminal fragments after infection with EBV produced by the nasopharyngeal carcinoma hybrid cell line (NPC-KT) revealed that NPC-KT virus efficiently circularizes or forms concatamers (25) (26) (27) . The restriction terminal fragment(s) of episomal DNA in NPC-KT cells was identified on Southern blots prepared with intracellular DNA digested with BamHI from untreated NPC-KT cells and cells treated with IUdR to induce viral replication.
Hybridization with the XhoI 1.9-kb probe representing the unique DNA from the right terminus identified a single 9.4-kb fragment in mock-treated NPC-KT cells which would contain four copies of TR (Fig. 3) . In IUdR-induced cells, in addition to an amplified 9.4-kb fused fragment, a ladder of linear termini was identified. Hybridization with the EcoRI-I probe representing unique DNA from the left terminus also identified the single 9. The fused termini that were formed upon transformation of lymphoblastoid cells with NPC-KT virus were characterized. The fused terminal fragments produced by infection with NPC-KT virus were identified in cord blood lymphocytes transformed by the virus and ranged in size from 8.4 to 10.4 kb (Fig. 3) . These fused terminal fragments would contain between two and six copies of the TR, identical to the number predicted by the model in Fig. 2 .
The structure of termini was also characterized in the virus-producer lymphoid cell line AG876. A single fused 11.5-kb fragment containing eight copies of TR was identified in AG876 cells treated with ACV (Fig. 4) . The single 11.5-kb fused fragment was amplified after induction of replication. The right-terminal fragments in the purified virion DNA preparations ranged in size from 4.2 to 11.5 kb, which would contain two to eight copies of TR. Mononuclear lymphoid cells purified from umbilical cord blood or adult peripheral blood lymphocytes were infected with AG876 virus. The EBV terminal fragments were identified in the total intracellular DNA 3 to 4 weeks after infection. The AG876 linear virion DNA circularized after infection of neonatal lymphocytes and adult peripheral blood lymphoblastoid cells to form predominant fused terminal fragments that varied in size from 9.5 to 13.5 kb, representing 4 to 12 copies of TR. A ladder of fragments representing the mixture of linear and fused termini ranging in size from 4.2 to 13.5 kb was also detected, indicating that the cell lines were partially permissive for EBV replication. A2L/AH is an epithelial hybrid cell line of human adenoid (Fig. 5) . Fused terminal BamHI fragments of this size would contain approximately 3 to 30 copies of TR.
As described above, the RI template for NPC-KT virus DNA apparently contains a single joined terminal fragment of 9.4 kb representing four copies of TR (25) . Upon entry into cells, NPC-KT virus circularized to form fused termini ranging in size from 8.4 to 10.4 kb, representing two to six copies of TR. Similarly, although linear virion DNA was synthesized in AG876 cells from a template containing 8 copies of TR, the virus circularized during transformation of lymphoblastoid cells to generate episomal forms with fused termini containing 4 to 12 copies of TR. The range of episomal DNA produced by infection with A2L/AH virus, produced from a template with 17 copies of TR, was more heterogeneous and varied from 3 to 30 copies of TR. In each case, the range of heterogeneity in TR in the cell lines produced with the progeny virus reflected the number of TR in the template DNA (n) and the number of TR in some of the progeny molecules increased to the near maximum (2n-2) predicted from a linear, concatenated RI. complicated analysis by electron microscopy, which detected very large, tangled RI, without evidence of theta structures (13) . Similarly, analysis of sedimentation rates or electrophoretic mobility reveals very large RI (2). During replication of herpes simplex virus, terminal restriction enzyme fragments cannot be identified (13) . Failure to detect termini suggests that the RI is a concatenated linear form perhaps produced from a rolling circle. Alternatively, the RI might be catenated, topologically linked circles.
The mechanism of EBV DNA replication during the replicative cycle has also not been established. However, unlike herpes simplex virus, which has direct repeat elements at the termini and inverted repeat elements which generate multiple isomeric forms through recombination and inversion, EBV does not isomerize and the TR are found only at the termini (1, 7). This aspect of EBV DNA structure allows for the identification of terminal fragments throughout the replicative process. In the herpes simplex virus genome, at least one copy of the reiterated a sequence is found at each terminus in the mature progeny (20) . Similarly, in EBV, the most frequent cleavages retain at least one TR at each end. The episomes that are formed with the progeny virus from such cleavages contain at least two TR, with a likely maximum of 2n-2.
There are two possible mechanisms for viral DNA replication from an episomal template. The circles can be nicked to form either a rolling circle or a concatenated RI, or the circle could directly replicate via a theta-shaped RI (15 Recently, the EBV origin of DNA replication that functions during lytic infection, termed orilyt, has been identified (12) . Replication that is mediated through orily, depends on the EBV DNA polymerase and yields a concatemeric molecule (12) . The data presented here suggests that the intact viral genome also replicates via a concatenated RI. Moreover, the detection of non-CCC DNA which contains fused termini with fewer copy numbers of TR that are synthesized from a homogeneous episomal template suggests that progeny molecules may also form RI. The terminal restriction enzyme fragments have been previously identified in the prototype EBV-producer cell line B95-8 (4, 23) . These studies indicated that B95-8 contained at least four fused terminal fragments and linear molecules with heterogeneous termini (4, 23) . The presence of multiple fused termini in B95-8 could reflect the proliferation of several EBV-infected clones or indicate that the original cell was infected by more than one virion, resulting in circularized intracellular EBV genomes with differing numbers of TR. However, analysis of the immunoglobulin gene rearrangement indicated that the B95-8 cell line was monoclonal (4) . The data presented here indicate that the episomal DNA in the B95-8 cell line is also clonal, with a homogeneous number of TR, in agreement with the clonality indicated by immunoglobulin gene rearrangement.
